Objective: Aortic valve structure and function were compared in PHPT patients and populationbased controls.
C
lassical primary hyperparathyroidism (PHPT) was a symptomatic disease with increased cardiovascular morbidity and mortality (1, 2) . Left ventricular mass was increased and regressed after parathyroidectomy, and valvular and myocardial calcifications were common (3, 4) . Today, most patients with PHPT have mild hypercalcemia and few, if any, symptoms. As the clinical and biochemical features of PHPT have become more subtle over time, the investigation of cardiovascular manifestations of the disease has turned to less clinically overt abnormalities.
Aortic valve calcification represents an early atherosclerotic change of the aortic valve and can lead to aortic valve stenosis (5) . Although this independent risk factor for cardiovascular mortality and morbidity (6) was common in classical severe PHPT, the cohorts described had significantly higher calcium levels (range 10.9 -13.1 mg/dl) than do typ-ical PHPT patients today, making it difficult to extrapolate their data to the majority of patients with PHPT.
In a cohort with mild PHPT, we have previously reported subclinical carotid abnormalities but no increase in left ventricular mass, diastolic dysfunction, or mitral or myocardial calcifications (7, 8) . Recent data in secondary hyperparathyroidism due to chronic renal failure suggest that progression of aortic valve stenosis is related to PTH level (9) . Given these findings and newly available echocardiographic techniques to assess aortic valve calcification quantitatively, we extend our investigation in this cohort to determine whether aortic valve calcification is increased in mild PHPT.
Subjects and Methods
This is a case-control study comparing aortic valve structure and function in patients with PHPT with normal controls. The current study represents further echocardiographic analysis of the same cohort in whom we have previously reported carotid and cardiac findings (7, 8) . As previously described (7, 8) , participants represent consecutive PHPT patients between the ages of 45-75 yr who agreed to participate in the study between October 2005 and September 2008. PHPT was diagnosed by the presence of hypercalcemia (calcium Ͼ10.2 but Ͻ12.0 mg/dl to study the presence of aortic valve findings in those with mild hypercalcemia) and an elevated or inappropriately normal serum PTH level. Fractional excretion of calcium was measured to exclude familial hypocalciuric hypercalcemia, and none had drug-induced hyperparathyroidism. Exclusion criteria included reported use of bisphosphonates within 2 months and initiation or changes in cholesterol-lowering medications within 2 yr of entry to the study (by patient report) (7, 8) . Controls were age-, gender-, and race/ethnicity-matched participants in the Northern Manhattan Study (a population-based prospective cohort study designed to investigate cardiovascular risk factors in 3298 community subjects; recruitment and enrollment as described) (10, 11) , who had undergone transthoracic echocardiography using the Sonos 5500 (Philips Medical Systems, Andover, MA). All patients gave written, informed consent. This study was approved by the Institutional Review Board of Columbia University Medical Center.
Cardiovascular risk factors
Demographic data, cardiac risk factors, and medical history were obtained from participants. These included race/ethnicity by self-identification, coronary artery disease (history of myocardial infarction, angina, angioplasty or coronary artery bypass surgery), hypercholesterolemia (a physician's report of elevated lipid levels or being on a lipid-lowering medication), hypertension (systolic blood pressure Ն140 mm Hg, diastolic blood pressure Ն90 mm Hg, or self-report of hypertension or antihypertensive medication use), diabetes mellitus (fasting blood glucose level Ͼ126 mg/dl, self-report of diabetes, or use of insulin or other hypoglycemic medications), and cigarette smoking (categorized as nonsmoker or ever smoked).
Biochemical evaluation
Fasting samples for serum calcium, phosphorus, creatinine, and cholesterol were measured by an automated chemistry analyzer. PTH was measured by immunochemiluminometric assay for intact PTH (Scantibodies Laboratories, Inc., Santee, CA), which detects PTH (1-84) and PTH 
Transthoracic echocardiography and definition of calcification area
Transthoracic echocardiography was performed using a commercially available system (Sonos 5500; Philips) by a single trained, registered sonographer according to a standardized protocol. Left ventricular end-diastolic diameter, interventricular septum thickness, and posterior wall thickness were measured from a parasternal long-axis view according to the recommendations of the American Society of Echocardiography (12) . Peak aortic jet flow was measured on continuous-wave Doppler echocardiograms. Aortic valve calcification was defined as bright dense echoes of more than 1 mm on one or more cusps (13) . The extent of aortic valve calcification was visually assessed according to the standard visual score method as follows: 1, no calcification; 2, mildly calcified (small isolated spots); 3, moderately calcified (multiple larger spots); and 4, heavily calcified (extensive thickening and calcification of all cusps) (14) . Calcification area for each aortic valve leaflet was also measured by a single investigator who was blinded to group status ( Fig. 1) . A total valve score (aortic valve calcification area) was calculated as the sum of individual leaflet scores. The mean aortic valve gradient, a functional measure of the severity of aortic valve calcification, was obtained by tracing the continuous wave flow velocity signal across the aortic valve. 
Statistical analysis
Statistical analysis was performed using SPSS version 11.5J (Chicago, IL). Categorical variables are described by number and percentages. Continuous variables are expressed as mean value Ϯ SE. Differences between groups were assessed with the 2 test for categorical variables, and comparisons of continuous variables were made using unpaired t test. Correlation coefficients between aortic valve calcification area and potential markers of calcification (calcium, PTH, phosphorus, calcium-phosphorus product, and 25-hydroxyvitamin D) were determined by linear regression analysis. Multiple regression analysis was carried out to determine whether PTH level is an independent predictor of aortic valve calcification area after controlling for the known risk factors for aortic valve calcification area in the general population [age, sex, body mass index, smoking status, history of hypercholesterolemia and hypertension, and estimated glomerular filtration rate (calculated by the Modification of Diet in Renal Disease formula)] (15) (16) (17) (18) (19) . Standardized ␤-coefficients (␤-coefficient/SD; change in the outcome per SD increase in the predictor) were calculated to determine which predictor (measured in different units) had the greatest effect on the outcome. A P value Ͻ0.05 was considered statistically significant.
Results

Clinical and biochemical data
Consistent with the known demographics of PHPT, cases were predominantly female and had biochemical evidence typical of mild PHPT [serum calcium ϭ 10.4 Ϯ 0.1 mg/dl (normal range ϭ 8.7-10.2 mg/dl); PTH ϭ 85 Ϯ 5 pg/ml (normal range ϭ 10 -66 pg/ml)]. Control subjects had more cardiovascular risk factors than PHPT subjects, with higher systolic and diastolic blood pressure and body mass index as well as low-density lipoprotein levels ( Table  1) . Although PTH and 25-hydroxyvitamin D were not available on Northern Manhattan Study controls, serum calcium levels were normal and significantly lower than in PHPT (9.4 Ϯ 0.1 mg/dl; P Ͻ 0.001).
Cardiac structure and function
All participants (PHPT and control) had mild aortic valve calcification (calcification score ϭ 2, defined as small isolated spots of calcification or a single larger spot). Although the calcification was mild using the visual calcification score, when the quantitative technique was used, the area of calcification was 41% greater in the PHPT patients compared with controls (adjusted for age, sex, body mass index, smoking status, history of hypercholesterolemia and hypertension, and estimated glomerular filtration rate; Table 2 ). Despite the increase in calcification area, peak and mean transaortic pressure gradient, functional measures of the severity of aortic valve stenosis, were not different between the groups. Other measures of cardiac structure that can be affected by aortic valve stenosis, including left ventricular end-diastolic and end-systolic dimension, ventricular septal thick- ness, and posterior left ventricular wall thickness were normal and also did not differ between groups (Table 2) .
Relationship between indices of mineral metabolism and aortic valve calcification area
There was no linear association between serum calcium, phosphorus, calcium-phosphorus product, or 25-hydroxyvitamin D level and aortic valve calcification area in PHPT patients (Table 3 ). However, serum PTH level positively correlated with aortic valve calcification area (r ϭ 0.34; P Ͻ 0.05; Fig. 2 ). When multiple regression analysis was carried out to evaluate the influence of PTH and cardiovascular risk factors on aortic valve calcification area, only serum PTH level remained a significant predictor of valve calcification [model coefficient of determination (R 2 ) ϭ 0.306; P Ͻ 0.05; Table 4 ].
Discussion
Aortic valve calcification was commonplace in PHPT cohorts with significantly higher serum calcium and PTH levels than are typically observed today (4, 20, 21) . In a cohort in whom we have previously reported normal left ventricular mass index and diastolic function (8) , this report demonstrates that aortic valve calcification is also a finding in mild PHPT and is associated with PTH levels, independent of serum calcium, vitamin D, and cardiovascular risk factors. It is unclear whether the calcification observed in our cohort portends an increased risk of cardiovascular events. Aortic valve calcification without any resultant outflow obstruction, as observed in this study, is a subclinical abnormality that is common in the elderly (16, 22) . Once aortic valve calcification has occurred, it causes less effective stress sharing between valve leaflets and accelerates injury to endothelial cells on those leaflets (23) . In general, this is an irreversible process that leads to severe calcification and clinically significant stenosis in 10% of subjects (4, 24) . A recent study in non-PHPT patients with mild to moderate asymptomatic aortic stenosis, found that the degree of aortic calcification was the most powerful predictor of clinical outcome (24, 25) .
The finding that aortic valve calcification is associated with PTH levels in PHPT may provide insight into the pathogenesis of aortic valve calcification, which is not completely understood. Despite associations with various cardiovascular risks (15) (16) (17) (18) (19) , factors other than aging and atherosclerosis must play a role in the development of aortic calcification, because only 50% of patients with severe aortic stenosis have significant coronary artery disease (26) . PTH is a key hormonal regulator of mineral metabolism, essential for both bone formation and osteoblast activity. Similar to vascular calcification, aortic valve calcification is an active process resembling osteogenesis (27) , which involves osteoblast transformation of valvular tissue (28, 29) . Although the specific role of PTH in this process is incompletely known, PTH levels are associated with aortic valve calcification in secondary hyperparathyroidism due to renal failure in both animal models and humans (9, 30) . Recent work also indicates that a PTH gene single-nucleotide polymorphism is associated with severe calcific aortic stenosis (31). Our results support the hypothesis that PTH may play a role in mediating aortic valve calcification in PHPT patients. The finding that mild calcification was present in both PHPT and controls but those with PHPT had greater calcification area suggests that elevated PTH may not initiate the calcification process but may exacerbate it once underway. We have previously reported that this PHPT cohort did not have increased mitral annular calcification (8) . This difference may be more apparent than real, because the methodology used in this study is more sensitive, assessing calcification quantitatively (calcification area) as opposed to just qualitatively (presence or absence of mitral valve calcification as in our previous study). However, aortic valvular calcification is more common than mitral annular calcification in non-PHPT individuals, due to greater mechanical stress from differences in flow dynamics on the aortic compared with the mitral valve (22, (32) (33) (34) . Alternatively, the aortic valve may be more sensitive to PTH or respond differently to the effects of PHPT.
This study has several limitations. First, although the control group was a random sample of community individuals, they had more cardiovascular risk factors than PHPT patients. Although we adjusted for cardiovascular risk factors known to be associated with aortic valve calcification in our analysis, the presence of increased cardiovascular risks in the control population may have biased against our finding a greater increase in aortic valve calcification in PHPT. Second, the study represents a convenience sample of patients with PHPT, including those who met as well as those who did not meet surgical criteria for parathyroidectomy, and the sample size does not allow us to conclude whether findings have different clinical significance in these subgroups. Finally, we did not have vitamin D or PTH data available on our control population, making it impossible to determine whether the association between aortic valve calcification area and vitamin D status or PTH is different in PHPT and non-PHPT populations.
Despite these limitations, the study has important strengths. We characterized the effect of PHPT on aortic valve structure and function in a homogeneous group of patients with biochemically mild disease. Furthermore, valve calcification area was determined by a single individual blinded to disease status, and we were able to adjust our analyses for known cardiovascular risk factors that may have confounded previous studies. Finally, this study affords some mechanistic insight into aortic valve calcification in PHPT by providing the first data on an association with PTH levels and suggests that future studies be designed to further examine the role of PTH in the physiology of aortic valve calcification in PHPT and in nonhyperparathyroid populations.
We conclude that mild PHPT does affect the aortic valve and that aortic valve calcification area in PHPT is increased and independently associated with the degree of PTH elevation. It will be of interest to determine whether surgical cure of PHPT diminishes the progression of aortic valve calcification, which could significantly impact management of this important and common endocrine disorder.
